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Abstract 

The motion of high-energy charged par t ic les  i n  the stretched 

f i e l d  of par t  I is analyzed by a method generally used f o r  motion 

dipole 

in the 

geomagnetic dipole f ie ld .  An attempt i s  then made t o  f ind out whether the 

observed anisotropy of cosmic ,ray intensi ty  may be due t o  a mechanism 

similar t o  t ha t  causing the east-west asymmetry near the earth 's  surface. 

In the  present model t h i s  turns out possible, provided that the outer 

boundary is  only about 2 astronomical uni ts  from the sun and provided 

t h a t  the direction of the interplanetary f i e l d  does not reverse when tha t  

of the  sun's polar f i e l d  does, as was observed i n  19%. 

Two other theories of the cosmic ray anisotropy,  ascribing it t o  e i ther  

a sunward flux density gradient or t o  the Compton-Getting effect ,  are  a lso  

discussed. 

conservative f i e l d s  they cancel each other and no anisotropy occurs, as one 

It is shown tha t  i n  general both effects  occur together; for  

might indeed expect from Liouville's theorem. 

cosmic ray flux density which m i g h t  be measured i n  interplanetary space is  

not  necessarily connected w i t h  the observed anisotropy. 

Consequently, any gradient of 
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MOTION OF COSMIC RAY PARTICLES IN A STFECCHED DIPOU FIELD 

The Isgrangian for  the motion of a par t ic le  with mass m and 

charge q in an electromagnetic f i e l d  with magnetic and e lec t r i c  

potentials - -  A ( B  3 cur l  - A) and Y o  i s  

L -J - %.cy\ - .'/C$ + 7 (5.5) - ? y m  ( 1) 

.If neither - A nor 92- depend on the azimuth angle 'f , then Q L P ~  = %. i s  

a constant of motion ("Stbner ' s  f irst  integral").  Denoting by p the 

momentum of the par t ic le  and by w the angle between it and the 'f direction 

( s o  that Tc.) mu) the  following expression i s  obtained 

x.0  = Y S W &  + ?P(+) ( 2) 

Because of the e l ec t r i c  potential  $ 0 ,  p is not conversed. ,However, the 

energies of interest  here are considerably larger  than the changes they 

undergo in the e l ec t r i c  f i e l d  s o  that,  t o  simplify the calculation, p. 

w i l l  be considered as constant. From equation (6a) , part  I, it follows that 

A, = - CpZ, 

i n  region I1 

i n  region I11 

The trapping properties of the "stretched dipole" f i e l d  w i l l  be in- 

vestigated i n  the s m e  manner as has been done fo r  the ordinary dipole 

(StErmer, 1950; Fermi, 1950). 

dependent "St'cjrmer units" 

Firs t ,  l e t  a l l  lengths be measured i n  momentum- 

The first  fac tor  i s  a mean value of r i n  region 11, while the second 

is  the r a t i o  between Ro and the gyratian radius at Y R e  ,e 2 - /a  , where the 
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f i e l d  intensi ty  i s  Bs (neglecting the toroidal  cmponent) . 
B, = 1 gauss, q as the proton's charge, Ro = 7.10" cm (the solar  radius) and 

measuring p in BV/C 

Choosing 

4 6% = I 4 S  (a.a,/p)% 

R . / R .  L 2' 0 0 0  /v 
i n  st5rmer units, R ,  L 1 if  

kt (2) be rewritten i n  stzrmer'units, defining 

Then, i n  region I1 

- -  $ 4  6 3  ( 6b) and i n  region I11 
wu) -- .CS;l* rtc 

Consider charged par t ic les  w i t h  given momentum p and S t k u e r  invariant 

There w i l l  i n  general ex is t  certain par ts  of the (r, 4.) plane where 

and which therefore are  not accessible t o  

%,. 

equations (6) yield I m a I  > I 

these particles.  

t h i s  region is  multiply connected, trapping may occur. 

The r e s t  of t h e  plane forms the "Allowed region", and i f  

The allowed region i n  region I1 i s  simply connected. 

it is  best t o  consider a single radial  direction with fixed 4.. For a l l  

points having t h i s  9. , the bracketed t e r m  i n  (6a) i s  constant and 1- CJ I 

To see th i s ,  

i s  

a monotonic single-valued function of r. 

increases s teadi ly  unt i l ,  fo r  any a, a forbidden region is  reached (except 

for @ = Qv~s~(~lR?where the allowed region extends t o  the origin). Thus 

the forbidden regions cluster  around the  origin and the a l l w e d  region is  

simply connected. 

As the  origin is  approached, 1-3 I 
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The allowed regions of the dipole f ie ld  i n  111, on the other hand, 

a re  multiply connected (Stijrmer, 1950; Fermi, 1950) for  X I  > 2 . These 

regions - with which the allowed regions of I1 merge smoothly - consist 

of an inner I 1  trapped" region in  which 7 4 I everywhere and a I 1  free' '  

region where 7 > 1 In the model used here, then, the occurrence of 

trapping depends on equation ( 5 )  being sat isf ied.  

Consider now orbi ts  i n  the equatorial plane ( s k  4 -- I ) and l e t  every 

orb i t  with X I  2 be called "free" and every one with X I  > 2 'Itrapped". 

Penumbral e f fec ts  (Schwartz, 1959) are therefore neglected. 

( 5 )  is j u s t  barely sa t i s f ied  (e.g. R1 = 0.9) it is easi ly  seen from (68) 

that no trapped orbi ts  penetrate very f a r  Fnto region 11. 

t h i s  s i tua t ion  changes rapidly u n t i l  a t  5 

If equation 

J As 5 decreases, 

= $, for  9 r, orbi ts  with 

* r/k are  trapped and orbi ts  with r3 > T/Z are  free. Belw 

all orbi ts  arriving in  I1 are  trapped. 9 -  a, = ' / (  I + 4.2) 

THE ANISOTROPY OF COSMIC RAY INTENSITY 

Because of t he i r  large gyration radii i n  the interplanetary field,  

cosmic ray par t ic les  'are l i ke ly  t o  re f lec t  in the i r  behaviour the gross 

s t ructure  of t h i s  f i e l d  rather than local  i r regular i t ies .  

important properties of these par t ic les  is  t h e i r  anisotropy, which manifests 

i t s e l f  i n  a solar da i ly  variation of about 0.36 observed on earth. 

direct ion of the maximum flu is approximately tangential t o  the ear th 's  

o rb i t  on the  afternoon side and the range of energies a t  which the 

anisotropy has been observed is roughly 7 - 20 Bev. 

One of the 

The 

In t h i s  range, the 
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re la t ive  modulation is nearly independent of energy (McCracken, Rao and 

Venkatesan, 1963) in sharp contrast with other types of cosmic ray 

intensi ty  variations, which generally decrease rapidly with increasing 

energy. 

It has been often suggested that this asisotropy is caused by an 

interplanetary dipole f i e l d  (Janossy, 1937; Alfven, 1947; Dwight, 190; 

El l io t ,  1960, 1962). The idea is, essentially, t ha t  a weak scattering 

mechanism operates t o  f i l l  the trapped orbi ts  which, huwever, are'less 

densely populated than the f ree  ones due t o  some additional loss mechanism, 

e.g. scat ter ing in to  orb i t s  h i t t i ng  the sun (El l iot ,  1960). 

energy range where some of  the radiation received on earth is trapped 

In the 

and the r e s t  arr ives  directly,  an anisotropy w i l l  be observed, with 

maximum ef fec t  i n  t he  direction. A similar anisotropy ("the east- 

west effect") occurs i n  the ear th ' s  magnetic f ie ld .  

In  the equatorial plane of the stretched dipole, the anisotropy is  

most pronounced when R1 = 9. 
arises in th i s  fashion, we ahoose p = 15 Bev/c and obtain 

Assuming that the dai ly  variation indeed 

. 

If the solar  radius is chosen for Ro, R turns out t o  be approximately 1 
two as t ronmica l  uni ts  - considerably less than is generally believed, 

but not impossible (for discussion and references, see analysis by Axford, 

Dessler and Gottlieb, 119631). 
There a re  two profound d i f f icu l t ies  with t h i s  explanation. Firs t ,  

the polar f ield of the sun was observed t o  reverse i ts  direction during 

the solar maxirmun of 1958 (Babcock, 1939) whereas the cosmic ray anisotropy 
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was not. It has been suggested that the sun' s polar f i e ld  is not the main 

source of the interplanetary magnetic f ie ld  and tha t  the l a t t e r  does not 

reverse (El l iot ,  1960). It is  hoped that t h i s  point will be resolved 

in  the near future by measurements taken from space probes. 

The second d i f f i cu l ty  is  that according t o  t h i s  explanation, the 

anisotropy occurs only i n  a very narrow energy band; it does not explain, 

for  instance, the observation of the daily variation underground (Regener, 

1962). It is  possible, however, that a more r e a l i s t i c  (and l e s s  abrupt) 

model of the outer boundary w i l l  resolve this problem. 

Two other explanations for  the cosmic-ray anisotropy have been 

advanced, namely that it is  caused e i ther  by a rad ia l  gradient of the 

cosmic-ray flux or through the Cmpton-Getting effect .  

detailed assumptions about the interplanetary magnetic f ie ld ,  these 

theories run i n to  d i f f i cu l t i e s  connected with Liouville' s theorem, as 

w i l l  now be discussed. 

Even without 

THE DENSITY GRADIENT MODEL 

This theory has been described by Dattner and Venkatesan (1959) 

and worked out i n  d e t a i l  by El l io t  (1960, 1962). One of i t s  basic 

assumptions is  tha t  the interplanetary magnetic f i e l d  i n  the v ic in i ty  

of the ear th  is  perpendicular t o t h e  ecliptic;  of course, t h i s  does not 

agree with the radial stretching of the magnetic lines of force by the 

so la r  wind,  but this will not be considered now. Let r be the distance 
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from the sun t o  an observer on earth and consider par t ic les  w i t h  

momentum p , which wU.1 have a gyration radius a(r)  in the ear th 's  

vicinity.  Par t ic les  arriving tangentially t o  the ear th 's  orbi t  from 

one direction T r i l l  then have the i r  guiding center a t  distance (7 +a) 

while those arr iving from the opposite direction will have it a t  ( Y -  a) 

If there is a sunward gradient in the flux density 9 (reckoned a t  the 

guiding center of the par t ic les  it describes) the fluxes in the two 

directions are not equal and t h e i r  r a t i o  .to the first order in 

is (I L 6 )  , where (El l iot ,  1960) 

, 

(a/r) 

There is good reason t o  believe a density gradient actually ex is t s  

in interplanetary space, since it has been observed that the flux density 

near the sun undergoes a modulation connected with the solar cycle, 

and this modulation presumably extends only a f i n i t e  distance f%om the 

sun. 

v i c in i ty  of the earth' s orbit. 

was found by e i ther  Pioneer V (Simpson, Fan and Meyer, 1962) or 

Mariner I1 (Anderson, 1963) j however, the radiation detectors aboard 

both these space probes were sensitive down t o  energies below 100 Mev, so 

that the absence of a density gradient in the energy range in w h i c h  811 

anisotropy is observed on earth may not be considered proven. 

A different  question is whether the gradient is  pronounced in the 

No evidence of an appreciable gradient 
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. A gradient of flux density is  not, however, suff ic ient  t o  create 

an anisotropy. A s  a simple i l lustrat ion,  suppose the radiation is 

acted upon by an e l ec t r i c  f ie ld  due t o  a posit ively charged sun. 

such a f i e l d  there w i l l  ex is t  a f lwr density gradient, but because of 

In 

Liouville 's  theorem, i f  the radiation i s  isotropic far from earth it 

w i l l  remain so anywhere i n  the f ie ld  (effects of trapping are  not 

considered now). 

t h i s  happens. 

It is  instructive t o  examine the mechanism by which 

Consider a par t ic le  with charge q moving i n  the symmetry plane of 

a magnetic dipole f i e ld  s e t  up around the (posit ively charged) sun, and 

assume for  s inp l ic i ty  tha t  the motion i s  nonrelativist ic.  

theorem, with phase-space density 'T 

By Liouville's 

Let W ( r )  be the mean kinet ic  energy a t  distance r and E ( r )  the (radial) 

e l ec t r i c  f i e l d  intensi ty  there. Then 

subst i tut ing a , =  p/qB one obtains 

On the other hand, the e l ec t r i c  f ie ld  a l so  causes the guiding center 

t o  &if% in  the direction of the misotropy w i t h  velocity U3, w h i c h  by 

t i e  nozre la t iv i s t ic  guiding center theory is 
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I n  the reference frame of i t s  guiding center, a par t ic le  spends 

equal time moving i n  any direction in i t s  plane of gyration. 

large number of par t ic les  arriving f rm inf ini ty ,  an observer moving 

w i t h  t h i s  frame sees an isotropic flux. The f lux dis t r ibut ion i n  a 

frame of reference moving w i t h  velocity y re la t ive  t o  a frame of reference 

i n  w h i c h  par t ic les  arr ive isotropically has been calculated (for  the 

extreme r e l a t i v i s t i c  l i m i t )  by Compton and Getting (1935). For non- 

r e l a t i v i s t i c  motion i n  which U, is much smaller than the par t ic le  velocity 

Given a 

d , one finds tha t  the flux i n  the forward direction increases by a 

factor  1 + 3(&./r) while i n  the backward direction it i s  diminished 

by an equal amaunt. An anisotropy r a t i o  1 + (6E/vB) w i l l  therefore arise, 

completely cancelling out the gradient effect .  

More generally, i f  a density gradient i s  responsible for  the 

anisotropy, it cannot be caused by a simple potential f ield,  e.g. by 

in the m a e l  used here. This i s  expected t o  hold even for  r e l a t i v i s t i c  

particles,  for  Liouville' s theorem remains t rue a t  r e l a t i v i s t i c  velocit ies.  

It is  of course possible tha t  there may ex is t  a nonconservative f i e l d  i n  

the solar  system, by w h i c h  par t ic les  gain (Warwick, 1962) or lose (Singer, 

Laster and Lencheck, 1962) energy. Such a f i e l d  could, i n  principle, 

explain the anisotropy, were it not for the rad ia l  stretching of the l i nes  

of force. In any case, the solar cycle modulation and any flux density 

gradient w h i c h  m i g h t  be observed i n  space may very well be due t o  a 

conservative mechanism &nd have no connection w i t h  anisotropies. 
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ANISOTROPY DUE TO THE COMPTON-GETTING EFFECT 

A theory has been developed by Ahluwalia and Dessler (1962) 

ascribing the anisotropy 

frme of referex? LL -.,.LLL -cce comic raSla-Lhi is iso'mo2ic. The 

orb i ta l  motion of the earth, for  instance, would produce such an 

effect :  th i s  w i l l  however have an opposite phase t o  what i s  observed, 

and turris out (Dattner and Venkatesan, 1959) t o  have an amplitude of 

t o  re la t ive motion between the earth and a 

. . *  

oslly 0.03s. 

matter f la r ing  radially outwards, as in the model used here. 

Xn t h i s  theory, the sun is assumed t o  be surrounded by 

An e lec t r i c  

f i e l d  is then s e t  up, wh ich  causes cosmic ray par t ic les  t o  dri f t  across 

it and be isotropic in a frame of reference moving with the drift 

velocity. An earJier theory of t h i s  kind, by Bmberg  and Dattner (lw), 

assumes the  e l ec t r i c  f i e l d  i s  created by co-rotation of the interplanetary 

gas with the sun, extending a t  l ea s t  t o  the earth' s orbit .  

Ln a highly conducting ionized gas an e l ec t r i c  f i e l d  w i l l  indeed 

exist, tending t o  the l imiting value of - [ $ *  S_ . However, i f  is 

axisymmetric around the rotation axis 
I3 - 0; 

c u v l  E, = at = O 

so that E i s  conservative and according t o  the conclusions of the previous 

section, no anisotropy arises. 

There remains the possibi l i ty  t h a t  the f i e l d  is not symmetric around 

the so la r  rotat ion axis, e.@;. due t o  'beams" of enhaaced velocity as 

suggested by Alfven (1956). 

the constancy of the direction of the anisotropy. 

In that case, however, it is hard t o  explain 

Assume the field is 
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increasing a t  a certain time, creating an anisotropy in the observed 

direction. 

previous value, s o  that par t ic les  i n  those orb i t s  in  which acceleration 

took place in the first irstance vi11 now be decelerated. 

exTect the anisotropy t o  reverse or  a t  least undergo a considerable 

Several days l a t e r  the f i e l d  w i l l  be dropping t o  its 

One would then 

. change i n  direction. 

than is  observed between the amplitude of the anisotropy and solar  

dis-C;L' ,~.CCZS. 

One would  also expect a much bet ter  correlation 
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